Abstract. Measurements of the continuum emission of an inductively coupled plasma in argon have been carried out. The mechanisms responsible for this radiation show different electron-density-dependences. By interrupting the power that is followed by a decay of the electron density, it is possible to unravel these different mechanisms. From the measurements it is concluded that the electron-atom interactions are in general of equal importance to the electron-ion interactions in creating continuum radiation. The relative contribution of the electron-atom interactions depends on the conditions of the plasma. Furthermore, the measurements show that the cross section for electronatom momentum transfer deduced from our experiment using the formula for electron-atom free-free continuum radiation is not in agreement with the literature.
Introduction
The inductively coupled plasma (ICP) is widely used as a spectrochemical analytical instrument. Knowledge of the fundamental processes can result in better understanding of the ICP and can hclp to improve its application. In this paper the origin of the continuum radiation in an argon ICP is studied. Three different processes and two different pairs of interacting particles, electron-ion (ei) and electron-atom (ea), are responsible. The three mechanisms arc recombination or free-bound interactions (fb) by electron-ion interaction, free-free interactions (fn between electrons and ions and freefree interactions between electrons and atoms. To estimate the contributions of these different mechanisms, a relatively old technique is used in an improved version [1, 2] . This method is interruption of the power to an ICP combined with registration of the emission. When the power of the ICP is switched off for about 70 ks, the continuum radiation changes in intensity. Two processes are relevant For these changes. First, the electrons will cool down to the heavy-particle temperature within a few microseconds. Second, the electron density will decay due to recombination and diffusion. This happens with a time constant of about 200 ~s .
This change in the electron temperature (T,) followed by that in electron density (ne) can be used to distinguish between processes that differ in terms of dependency on electron density or electron temperature. In this paper we will discuss the difference in decay of the continuum contribution created by electron-atom interactions (ne-dependency) on the one hand and that created by electron-ion interaction 0022-3727/95/010040+07$19.50 0 1995 IOP Publishing Ltd (n,ni = n:) on the other. Therefore, we will rewrite the contributions to continuum radiation by introducing 6-factors for each of the contributions and measure their relative contribution to the total continuum radiation.
Origins of continuum radiation
Continuum radiation originates from interaction of free electrons with atoms and ions. If a free electron is captured by an ion then we speak about f r e e bound radiation or recombination radiation. If only the momentum of the electron is changed by the interaction with an atom or ion then the radiation is called free-free radiation. Depending on the pairs of interacting particles, we distinguish between freefree of ei and free-free of ea type. Therefore, thc emission coefficient E of continuum radiation in a singly ionized gas is given by Here E is the power emitted per unit of volume, solid angle and wavelength interval, E; is the continuum emission coefficient due to two-particle recombination, E;; the emission Coefficient related to free-free interaction between an etectron and an ion and &;fa is related to the electron-atom interaction. The essence of the experimental technique as presented in this study is that the emission created by ei interaction depends on the product of n,n;, whereas E;: scales with nena. In an ne-decaying plasma it is possible to unravel the ei and ea contributions from each other. Since Continuum radiation in an inductively coupled plasma n, = ni in a singly ionized, quasi-neutral plasma the total continuum emission can be written as 
with U = hc/(AkBT,) and a = ne/., the degree of ionization just after the cooling jump for n, >> ne.
Now the total continuum radiation can be described on the results of the inaccuracy (e 10%) in these data is negligible relative to the data obtained in our experiment.
To estimate the importance of the free-free ea interaction the parameter )((A, I " , . a ) is introduced, which is the relative contribution of this ne dependent process to the total continuum radiation: As an example the factor x versus wavelength is given in figure 2 for the conditions of figure 1. Note the relatively weak dependence on wavelength. The factor x at 550 nm is shown in figure 3 as a function of electron temperature and degree of ionization. These were calculated by using equations (6), (7) and (10) The plasma torch placed in the centre of the coil consists of three concentric quartz tubes (see figure 4) . This makes it possible to control the three argon gas flows separately. We discern an outer flow of 12 i min-', an 0.6 1 fin-]. The standard operating power is 1.2 kW. It is possible in principle to introduce a nebulized analyte into the plasma, but this is not done in this work. The measurements were carried out on a 'pure' argon plasma. The position at which the measurements were carried out lies about 7 mm above the load coil and is located just above the hottest area, the skin or active zone of the plasma.
The basic experimental set-up of the power interruption technique is shown in figure 5 . Switching off the generator is performed by a pulse circuit inside the generator, which is controlled by block pulses at TTL level. The off period is chosen to be about 70 ,us. There is a limitation on this off-period since the plasma will extinguish and will not be restarted for long off periods. The plasma is focused on the entrance slit of a 1 m B&M BMlOO monochromator with a 1200 lines per millimetre grating. The light i s detected by aHamamatsu R376 photomultiplier tube (PMT) operating at I100 V.
The pulses from the PMT are amplified and analysed by a pulse-height discriminator. Then the signal is recorded as a function of time by a multi-channel scaler (MCS) . This MCS has 4096 24-bit counters with a minimum integration time of 2 f i s each. By using this MCS about 8 ms can be recorded continuously with a resolution of 2 ps. To obtain a good signal-to-noise ratio from the measurements, the results are the averaged signal over 50000 repetitions.
. 2 . Determining x(X, T., a)
To obtain information on the interactions in the plasma, the power interruption (PI) transferred via the electrons to the heavy particles and that, therefore, the electron temperature is higher than the heavy-particle temperature (T, > Tb). Schematically the energy balance is presented by
A sudden interruption of the power creates a decay in T, towards T, with a typical time scale of 1 ps, followed by a decay in ne with a time scale of 100 ps. The measured argon levels (Aip) are close to the ion ground state (AT:). This makes it true that the populations of these levels are ruled by the Saha balance (11) Ar, + e + (I,) cf Ar: + e + e of ionization (to the right) and recombination (to the left). The energy Zp in brackets is the ionization energy needed for electrons to execute the ionization process. Switching off the power supply means that the electrons will cool down to the heavy-particle temperature. This implies that the group of electrons with sufficient translation energy will decrease in number. Owing to the fact that recombination is going on, the balance (1 I) will shift towards the left. This implies that the density of Ar, will increase suddenly. After this so-called cooling jump the density of the argon level will decay due to decay of the electron and ion density (ne = ni). It is assumed that the density of AI, obeys the Saha balance at any time, which predicts that Ar, scales with n:. It is this decay that will be used to unravel the continuum radiation due to ei interactions ( 1 1 : )
from that of the ea type (ne). An example of the response of the 6d argon line to power interruption is shown in figure 6 .
Measurements of an argon line during interruption provide the time constant related to the decay of na [2] . This time constant largely depends on the position and plasma power, so it is necessary to measure it for each condition. If we assume that the electron density as a function of time decays exponentially, then the timedependent continuum emission at a certain wavelength 
The first term describes the contribution to the continuum of, electron-atom interactions (ne-dependency) and the second term that of electron-ion interactions ($-dependency).
A typical value of r is found to be 7 = 200 ps (for P = 1.5 kW). deduced From the measured decay in intensity of line radiation at the same lateral position. EO is the emission coefficient of the continuum radiation at t = 0 s. After switching off the power the electrons 44 cool down to the heavy-particle temperature within 1 ps and start to recombine. Since we are only interested in the last process, the fit has to start when the electron temperature becomes more or less stable. This is defined to be t = 0 s, which is usually 12 ps after the start of the power interruption. The response of the continuum to power interruption, induced by decreasing electron density, can be seen in figure 7 . The lower and uppcr lines are respectively the decay described by only the ne-dependent processes or only the n2-dependent processes. The line in between is the measured and fitted decay (using equation (12)).
Continuum radiation in an inductively coupled p\asma radiation, compare figures 6 and 7. On switching off the power supply, the line intensity increases whereas the continuum intensity decreases. Therefore, studying the time-resolved emission during interruption of the plasma power gives unequivocal information about the detected radiation, whether it is line or continuum radiation.
Hence, this method can be used for tracing continuum radiation.
Now the results of the. measured x factors, that is, the importance of electron-atom interactions for the 45
Results and discussion
The initial response to power interruption of the argon line intensity is the opposite to that of the continuum
continuum radiation, will be discussed. All the presented measurements were performed I mm above the load coil and 4.5 mm from the plasma centre. Using the measured decay time of an argon line as a response to the power interruption, the x factor is measured as explained in section 3.2. In figure 8 the experimentally obtained x factors are given for two different input powers, as a function of three different wavelengths.
The weak dependence on wavelength of the x factor was predicted by the theory of section 2. The difference in x, that is, the relative contribution of electron-atom interactions to the continuum, for the two plasma powers is large. This large power-dependence is shown more explicitly in figure 9 , which gives the x factor measured at wavelength 525 nm for different plasma powers.
The inaccuracies in measured x factors are dominated by the uncertainty in the dccay time r . This inaccuracy in r causes an average uncertainty in the x factor of about 13%. The reproducibility in measured continuum emission during power interruption is so good that it causes only a slight additional inaccuracy of 2%.
Note that the first inaccuracy of 13% in x factor is independent of wavelength. This means that the relative values in figure 8 for a certain power have an inaccuracy of only 2%.
As can be seen from figure 9 , the x factor is large for low powers. This implies that electron-atom interactions are of major importance at low powers. As the plasma power is increased, the contribution of electronion interactions becomes increasingly important. This is just as expected because higher power will create more electrons and ions. At a power of 2.1 kW, nearly the highest attainable power in the used set-up, the continuum radiation is almost entirely created by electron-ion interactions and electron-atom interactions can be neglected. From these measurements it is very clear that, for a plasma like the atmospheric ICP, driven at powers of order I kW, the contributions of electronatom interactions to continuum radiation can certainly not be neglected in further calculations.
From the measured x factors it can be concluded that the trend in their behaviour agrees with the theory.
The absolute value of x can be compared with the calculated values depicted in figure 3 . Here x. It turns out that the calculated x value is much lower than the value obtained from the measurements. This discrepancy cannot be explained by inaccuracies in the measured parameters. As can be seen from formulae (7) and (IO), the influence on the x factor of the electronatom cross section is significant. The calculations can be made to agree with the theory by taking a larger value of this momentum transfer cross section. This leads to the conclusion that the value for the electron-atom cross section used in equation (5) is about 2.5 times larger than predicted. The reason for the discrepancy is not clear, but might be due to the used approximation for the E values, which could lose validity under these plasma conditions, or to differences between the definitions of Q(T,) by Devoto and by Cabannes et al.
Conclusions
This paper gives a new procedure for measuring the relative contributions to the continuum of electronion and electron-atom interactions. From these measurements it can be concluded that it is certainly not acceptable to neglect the contributions of electronatom interactions to the continuum under widely used ICP conditions. Furthermore, the discrepancy between measurements and thcory of the mechanisms contributing to the continuum is about a factor of 2.5. The experiments show a larger experimental cross section for electron-atom interactions than predicted by theories taken from the literature. Finally, the technique can be used for tracing the continuum, because the initial response to power interruption of the continuum is opposite to that of a line emission.
